INTRODUCTION.
The preceding paper (1) dealt with a comparison of different modifications of pneumococcus hemotoxin, from the standpoint of properties (antibody-invoking and antibody-combining) which are possessed in common by all true antigens. The present paper deals with the cell injury (hemolysis) property of the hemotoxin, a property which in a sense is the criterion of distinction between the antitoxinogens and other antigenic substances, the specific toxicity of the hemotoxin for erythrocytes being analogous to the selective toxicity of diphtheria and tetanus toxin for other tissue cells.
Hemolysis by pneumococcus hemotoxin, like cell injury by true toxins, includes two reactions: (1) combination of the toxic substance with the cell for which it has specific affinity; (2) injury of the cell with which it has combined. The following investigation dealt especially with the combination of the hemotoxin with the erythrocyte. Experiments were made to determine whether the reversibly oxidized form, although hemolytically inactive, retains the property of combining with red blood cells. Since it was possible to separate the combination and injury reactions, a number of experiments were also made upon the factors involved in the erythrocyte-combining reaction of the active form of the hemotoxin. Although these experiments were not suitable for a study of the kinetics of the hemolytic reaction, a number of salient facts were revealed which are of some theoretical EXPERIMENTAL.
Absorption of Oxidized and Unoxidized Hemotoxin Solutions with Red Blood Cells.
It is known that the reduced form of the hemotoxin is hemolytically active and that the reversibly oxidized form is hemolytically inactive (2) . The following experiment was made to determine whether the reversibly oxidized modification can combine with the blood cell even though i t cannot induce its final hemolysis. In a previous paper (3) the combination or union of the active form of the hemotoxin with the blood cell was demonstrated by experiments similar to those employed by earlier workers with other hemotoxins. The new feature introduced in the following experiment consists in the application of reduction treatment to the absorbed fluids as a means of determining whether or not the hemolyticaUy inactive oxidized hemotoxin had been removed from the test system by combination with the blood cells. This method offered a means of obtaining more direct evidence of the combining properties of the hemolytically inactive hemotoxoids than has hitherto been possible.
Two solutions of hemotoxin were used in the experiments: (1) an oxidized solution in which almost all the hemotoxin had been converted to the reversibly oxidized (hemolyticaliy inactive) modification; (2) an unoxidized solution which contained only the reduced or hemolytically active form of the hemotoxin. Each of these solutions was diluted with 19 volumes of sterile salt solution. The dilution was necessary for two reasons: to prevent hemolysis during the absorption period since hemolysis occurs even at 0°C. if the hemotoxin concentration is too great; and to retard the oxidation of the reduced or active hemotoxin since the rate of oxidation is directly related to the concentration of the bacterial extract. One half of each solution (oxidized and unoxidized) was absorbed with erythrocytes; the other half was not absorbed and served as a control.
The procedure in the absorption proper was essentially the same as in the previous study (3) . 3 cc. of blood cells were added to 30 cc. of the diluted oxidized solution and likewise to the diluted unoxidized solution. In order to test the effect of absorption at different time intervals, 7 cc. samples were removed from each of the tests and controls at the end of 1, 2, and 3 hours, and centrifuged to remove the blood cells. The hemotoxin titrations of the supernatant fluids included measurements of the fluids before and after treatment with the reducing agent employed to convert the hemolytically inactive oxidized form to the original active substance.
Since the separation of the "combination" and "injury" reactions is entirely dependent upon differences in the speeds of the two reactions at low temperatures, the most rigid temperature precautions are essential to the success of experiments of this type. In addition to holding the absorption mixtures themselves in an ice bath at 0°C., all apparatus (pipettes, etc.) was kept in the ice box at 2°C.; the entire manipulation including the centrifugation was also carried out in a room at this temperature.
The absorption of the reduced (active) hemotoxin from the unoxidized solution was complete in all the tests, and the protocol of the experiment (Table I) 
E~rect of Absorption with Red Blood Cells upon the Hemotoxin Contained in
Oxidized ttemotoxin Solutions. The results showed a distinct difference in the effect of absorption upon the hemotoxin contained in the oxidized and in the unoxidized solutions. The active, reduced hemotoxin was completely removed from the unoxidized solution at the end of 1 hour's absorption with red blood cells at O°C., while as shown in Table I , the absorption treatment removed only part of the hemotoxin in the oxidized solutions.
One important point to be decided is whether or not the removal of hemotoxin from the oxidized solution depends upon an intrinsic ability of certain oxidized modifications of the hemotoxin to combine with the blood cell without causing its hemolysis. The proportion of the total hemotoxin removed by the absorption is too large to be explained b y the direct combination of the slight traces of active hemotoxin which probably always persist in reversibly oxidized solutions at the end-point of the oxidative reaction. I t might still be suggested that the hemotoxin removed from the oxidized solution consists of reduced hemotoxin obtained b y a gradual reversal of the oxidized form during the absorption period. However, this explanation does not seem tenable for, if it were true, the time of absorption should influence the degree of completeness with which the hemotoxin was removed; and the actual results (Table I) show t h a t the hemotoxin was removed as completely at the end of 1 hour as at the end of 3 hours. Moreover, the blood cells themselves when resuspended after their removal from the oxidized hemotoxin absorption mixtures do not hemolyze as would be the case if it were the reduced or active form of hemotoxin which had combined with the erythrocytes. 1 The above facts indicated that the hemotoxin removal was due to a real combining p r o p e r t y of the oxidized hemotoxin. The next
In contrast to the prompt reactivation of the hemolytic property when solutions of the oxidized form are treated with a reducing agent, negative results were always obtained in attempts to reactivate the oxidized hemotoxin after it had combined with the erythrocytes. Although a number of such experiments were made, the conclusiveness of the results may be complicated to some extent by the fact that the O~ contained in the I-IbO~ of the blood cells made it necessary to employ relatively large amounts of Nag.S~Oi in order to establish reducing conditions in the test systems.
Further experiments are necessary in order to settle this question, but the fact that it is possible to reconvert the oxidized hemotoxin to the active form by reduction when in solutions by itself, does not indicate at all that the oxidized hemotoxin can likewise be reduced after it has combined with the blood cell. It is known that free (deoxygenated) hemoglobin is much more readily oxidized than is hemoglobin after it has combined with either oxygen or carbon monoxide (4, 5) . We have also obtained evidence (6) that the reduced hemotoxin is oxidized with greater difficulty when combined with the blood cell than when it is in solution alone; and it is equally possible that the oxidized hemotoxin when combined with the erythrocyte is in a condition which renders its reduction more difficult. question to be decided was why only part and not all, of the oxidized form was removed by the absorption treatment. Two possibilities were suggested: (1) that the final equilibrium between the free oxidized hemotoxin and that combined with the blood cell is different from that obtaining for the reduced hemotoxin, and that a considerable amount of the oxidized hemotoxin remains uncombined when the equilibrium is established whether at the end of either 1 or 3 hours;
(2) that the reversibly oxidized hemotoxin exists in different modifications, some possessing and others lacking the property of combining with the blood cell. In order to determine which of these possible explanations was valid, an oxidized hemotoxin solution was subjected to two repeated absorptions, the supernatant fluid of the first absorption mixture being reabsorbed with fresh blood cells for a second period of 3 hours. The results of this experiment are summarized in the last column of Table I , and show that the oxidized hemotoxin left in the solution after the first absorption was not appreciably affected by the second absorption. These results indicated that the reversibly oxidized hemotoxin, which we formerly considered as one modification of the hemotoxin, consists in fact of at least two different modifications, both lacking the complete property of hemolysis, but only one retaining the property of combining with the erythrocyte.
In previous papers, the oxygen-combining activity of hemoglobin and the corresponding inactivity of methemoglobin have been compared to the hemolytic activity of reduced hemotoxins and the inactivity of their reversible oxidation products. It is interesting to observe that the existence of the two different modifications of the reversibly oxidized form of the hemotoxin makes it impossible to continue the analogy upon the basis of oxygen-combining and erythrocytecombining properties. The reduced (ferrous) hemoglobin and the reduced hemotoxin both possess the combining property, and methemoglobin and the second modification of the reversibly oxidized hemotoxin both lack the combining property. But there is no known reversibly oxidized modification of hemoglobin which retains the original oxygen-combining property to correspond with the reversiby oxidized hemotoxin modification which retains the erythrocytecombining property.
Absorption of a Constant Dose of Hemotoxin by D~erent Amounts of
Red Blood Cells.
In connection with the investigation of the combining properties of the hemotoxin, a number of experiments were made upon the relation of the combining OXIDATION AND REDUCTIOI~. IX reaction to the hemolytic action as a whole. The following experiment dealt with the effect of varying concentrations of blood cells upon the combination of the hemotoxin with the erythrocytes. Three tubes containing an equal amount of diluted hemotoxin solution were absorbed, respectively, with 0.1 cc., 0.5 ce., and 2.0 cc. of red blood cells. The constant amount of hemotoxin was known to be sufficiently great to cause the complete hemolysis of the largest amount of blood cells employed in the experiment, if incubated at 37°C. The crux of the experiment, therefore, consisted in determining whether or not smaller numbers of blood cells (1/4 and 1/20 the maximum number) can combine with much larger amounts of hemotoxin than are required for their hemolysis.
10 cc. of diluted hemotoxin solution were added to each of four tubes: 0.1 ce. of blood cells was added to Tube 1; 0.5 cc. of blood cells to Tube 2; 2.0 cc. of blood cells to Tube 3; Tube 4 served as unabsorbed control. The absorption mixtures were held at 0°C., with frequent gentle stirring or shaking. Tests for the completeness of absorption were made at the end of 45 minutes, 6 hours, and 20 hours. The absorbed cells obtained from centrifuged samples were resuspended in cold (0°C.) salt solution. (All the supernatant fluid had been removed with capillary pipettes from the layer of sedimented cells to insure that no uncombined hemotoxin would be taken up in the resuspension of the blood cells. As an additional precaution, the walls of the tube and the surface layer of the cell residue were also washed carefully with cold salt solution.) The suspensions from the absorption mixtures where 0.5 cc. and 2.0 cc. of erythrocytes had been employed, were diluted with salt solution, so that all three suspensions had approximately equal concentrations of blood cells during the following tests for hemolysis.
The suspensions of absorbed cells (erythrocytes combined with hemotoxin) were then held for 30 minutes at 0°C., 30 minutes at ~5°C., and 30 minutes at 38°C. The lower temperature of incubation was employed to minimize the possibility of inactivation of the hemotoxin during the lytic process. At the end of this incubation, the tests were centrifuged and the supernatants compared colorimetrically with hemoglobin standards prepared by complete laking of like suspensions of erythrocytes; the centrifuge tubes were also examined for the presence of unhemolyzed cells.
Although the above tests were made at the end of 45 minutes, 6 hours, and 20 hours, the absorption proved to be complete at the end of 45 minutes and the results of the three tests were the same. to combine with all the hemotoxin. These facts indicate that more t h a n one hemotoxin molecule m a y combine with one red blood cell. Apparently, in mixtures containing equal concentrations of hemotoxin and different concentrations of erythrocytes, the hemotoxin molecules are distributed more or less uniformly among the available blood cells; if m a n y blood cells are present in a unit volume, only a few hemotoxi~a molecules combine with one erythrocyte; if few blood cells are present, a large n u m b e r of hemotoxin molecules combine with each of the available cells.
The experiment also showed that while practically all the hemoglobin was liberated from the largest number of erythroeytes as well as the smallest number, the amount of stroma which remained after the hemolytic process was dependent upon the concentration of blood cells used in the absorption, or in other words, upon the amount of hemotoxin combined with the individual erythrocytes. Apparently, the amount of pneumococcus hemotoxin required to liberate all the hemoglobin is much less than that required to cause a significant solution of the stroma. Rabbit erythrocytes seem to lose practically all their hemoglobin after even slight injury of the ceU wall; the shadow or ghost cells obtained from mixtures where 95 per cent of the hemoglobin had been set free retained their original cell outline and showed no evidence of gross injury associated with the loss of hemoglobin.
It is obvious from these facts, that in two different hemolytic test systems, there may be obtained differences in the degree of solution of the stroma although the liberation of the hemoglobin is practicaUy complete in both instances. Under these conditions, complete hemolysis becomes a question of whether or not stroma solution is included in the definition of hemolysis. In the present paper, the terms "hemolysis" and "hemolyze" when applied to the "hemolyzing" capacity of the hemotoxin refer to the liberation of hemoglobin without regard to differences in degree of solution of the stroma.
Influence of the Hemotoxin-Blood Cell Ratio upon the Rate of Hemolysis.
The preceding experiment dealt with the influence of the blood cell concentration upon the combination reaction, the first of the two steps involved in hemolysis by pneumococeus hemotoxin. The following experiment dealt with the influence of erythrocyte concentration upon hemolysis proper. The preceding experiment had indicated that when different amounts of blood cells are quickly mixed with a constant dose of hemotoxin, the hemotoxin distributes itself more or less uniformly among the available cells so that the number of hemotoxin molecules combining with the individual erythrocytes tends to be inversely proportional to the blood cell concentration. In the present experiment, this principle was utilized in order to determine the influence of the relative number of hemotoxin molecules previously combined with the individual cells upon the rate of hemolysis. Thus, while a constant dose of hemotoxin was absorbed with different amounts of blood cells, the experiment consisted essentially in a comparison of the rates of hemolysis of blood cells with different amounts of hemotoxin combined with the individual erythrocytes. The hemo,ysis process itself was carried out at a low temperature (0°C.) in order to show differences in the rates of hemolysis to better advantage than at 37°C. where even the largest concentration of blood ceils would be completely hemolyzed within 1 hour.
Three tubes containing 10 cc. of diluted hemotoxin solution were prepared: 2.0 cc. of blood ceils were added to the first tube and 0.5 cc. and 0.1 cc. of blood cells to the second and third tubes, respectively. A like series of the same coneentrations of blood cells was prepared in salt solution without hemotoxin to serve as controls on spontaneous hemolysis.
Influence of the Hemotoxin-Erythrocyte Ratio upon Hemolysis Proper.

Concentration of red blood cells in test mixtures
~r Gent The above tubes were held in an ice bath at 0°C. as in previous absorption experiments. Representative samples were removed at the end of 45 minutes, 6 hours, and 20 hours and the percentage of complete hemolysis determined colorimetrically. The tests upon the controls (without hemotoxin) proved that there was less than 0.5 per cent spontaneous hemolysis in any of the suspensions of different erythrocyte concentration at the end of 45 minutes and 6 hours. Significant hemolysis had occurred in all the controls at the end of 20 hours, and to avoid the complication of compensating for spontaneous hemolysis, the results of the 20 hour tests are omitted from the protocol (Table II) . Table I I t h a t the rate of hemolysis was inversely related to the blood cell concentration. This relationship is in conformity with the deductions made from the results of the previous experiment; i.e., t h a t the hemotoxin distributes itself more or less uniformly among the available blood Cells, the n u m b e r of hemotoxin molecules which combine with each erythrocyte being inversely related to the erythrocyte concentration. Apparently, the rate of actual hemolysis of the blood cells is dependent upon the n u m b e r of hemotoxin molecules combined with the individual erythrocytes; when large numbers of hemotoxin molecules are combined, hemolysis is rapid; if small numbers are combined, hemolysis is slow. In this sense, if one separates the two reactions involved in hemolysis b y pneumococcus hemotoxin, it m a y be said t h a t the rate of the second reaction (hemolysis proper) is actually determined b y conditions imposed during the preliminary or combination reaction.
I t is evident in
It is interesting to observe that the differences in rates of hemolysis were s o pronounced, that not only was the percentage of hemolysis greater in the mixture containing the fewest number of blood cells, but the absolute amount of hemoglobin set free during the 1st hour was greater than in the test where the hemotoxin was allowed to act upon 20 times that number of blood cells. This apparently greater hemoglobin-liberating "capacity" of the same amount of hemotoxin during an equal time (1 hour at 0°C.) is the more interesting in view of the fact that the dose of hemotoxin employed was more than sufficient to cause the complete hemolysis of the largest amount of blood cells. After longer periods of time, of course, the absolute amount of hemoglobin set free was greatest in the test containing the largest amount of blood cells.
These relationships are of incidental interest in connection with the technic of absorption of the hemotoxin. Due to the inverse relation between blood cell concentration and rate of hemolysis, a constant dose of hemotoxin during the first few hours at 0°C. causes less total hemolysis the larger the amount of blood cells with which it has combined. Consequently, the separation of the hemotoxin from the bacterial solution without hemolysis in the supematant fluid is less diff.cult when large amounts of blood cells are used in the absorption.
A bsorpt~,on of a Constant Dose of Hemotoxin with the Stroma Derived from D~fferent Amounts of Blood Cells.
Since it seemed likely that the combining property of the blood cell was a function of the stroma, the following experiment was made to compare the amount of stroma required for the absorption or combination of a constant dose of hemotoxin with the amount of blood cells which could be hemolyzed by the same dose of hemotoxin.
When rabbit erythrocytes are added to distilled water, much of the stroma is left after the liberation of practically all the hemoglobin. The stroma suspension used in this experiment was prepared by adding 1 cc. of packed erythrocytes to 50 cc. of distilled H20; the mixture was left in the ice box overnight and the dissolved hemoglobin removed by centrifugation; the residue was shaken up again in 50 cc. distilled H~O to permit hemolysis of any intact cells that might have remained; this process was repeated three times, so that the stroma or cell residue was subjected four times to the action of 50 volumes of H20. Although the residue appeared faintly pink when large amounts of the centrifuged sediment were examined, no significant amounts of hemoglobin were contained. The washed stroma (cell residue) was finally resuspended in 10 cc. of salt solution, 1.0 cc. of the stock suspension being considered equivalent to the stroma derived from 0.1 cc. of erythrocytes. Different dilutions of this suspension were prepared to furnish the desired amount of stroma for the absorptions. The procedure for the absorption with the stroma was essentially the same as that employed in the previous absorption experiments with erythrocytes.
The results of these experiments showed that the absorbing or combining capacity of the stroma derived from distilled water hemolysis of rabbit erythrocytes is approximately equivalent to that of the intact red cells themselves. After an absorption period of 1 hour at 0°C., the stroma derived from approximately 0. 025 to 0. 030 cc. of erythrocytes sufficed to combine with an amount of hemotoxin sufficient to cause the complete hemolysis of about 0.80 cc. of the same lot of red cells; the stroma from 0. 020 cc. or less amounts failed to remove all the hemotoxin. This is about the same relation between absorbing capacity and hemolyzing capacity that was found in the preceding absorption experiments with the whole blood cells. The marked absorbing or combining property of the stroma must be considered as an important factor in determining the inhibition of the hemotoxin hemolysis.
The stroma which had combined with the hemotoxin was resuspended in salt solution and incubated to determine whether the combined stroma would be dissolved in a manner analogous to the hemolysis of the combined erythrocytes. No lysis or solution of the combined stroma could be detected by gross examination except in the tests where the amount of stroma used for the absorption had proved insufficient to remove or combine with the test dose of hemotoxin. These results are in conformity with the observations made in connection with the previous experiment and indicate that practically all the hemoglobin may be set free from rabbit erythrocytes by action of pneumococcus hemotoxin without marked solution of the It is a recognized fact that enzymes are inhibited by the products of their action. Northrop (7) has shown, especially for protein-hydrolyzing enzymes, that the inhibition is due to the combination of the hydrolytic products with the active enzyme. It is to be expected that the presence of the products of hemolysis would also affect the hemolytic activity of the hemotoxin, but it was desired to determine whether the inhibitory effect upon hemolysis as a whole was due to the influence of these products upon the preliminary combination of the hemotoxin with the blood cells, or whether the inhibition was due to the effect of the presence of the products of hemolysis upon the liberation of hemoglobin from cells previously combined with hemotoxin. The principal products of hemolysis of rabbit cells by the hemotoxin are the dissolved hemoglobin and the stroma which remains after the hemoglobin is set free. The following experiment was designed to compare the influence of each of these different products (hemoglobin and stroma) upon the two steps (combination and hemolysis proper) involved in hemolysis by the hemotoxin.
Influence upon Combin~g Reactlon.--The influence upon the combination reaction was tested by adding a constant number of red blood cells to three tubes containing respectively: (1) a constant dose of diluted hemotoxin solution alone;
(2) a constant dose of diluted hemotoxin solution to which a known amount of dissolved hemoglobin had been added; (3) a constant dose of diluted hemotoxin solution to which a known amount of stroma had been added. A large excess of hemotoxin was present (ten times that required to liberate all the hemoglobin from the blood ceils used in the test); the amount of dissolved hemoglobin and the amount of stroma were small (each being equivalent to only one-half the hemoglobin or stroma derived from the amount of blood cells used in the test; or 1/20 that derived from the maximum amount of blood cells that the test dose of hemotoxin could hemolyze). These quantitative relations were designed to make a severe test upon the inhibitory influence of the presence of the hemoglobin and stroma, and it is obvious that if their presence had only a slight effect upon the combination reaction, it would not be detected at all. The blood cells were given an opportunity to combine with the hemotoxin in the three test systems, and then the absorption mixtures were centrifuged. The supematant fluids were removed, and the sedimented ceils rinsed with cold salt sblution to remove all traces of the added hemoglobin and the added stroma. The entire procedure up to this stage had been carried out at 0°C. and no hemolysis had occurred in the test systems. The rest of the procedure consisted in allowing the cells which had been "absorbed" under different conditions to hemolyze under the same conditions. This was done by resuspending them in equal amounts of fresh salt solution and incubating the suspension at 25°C. for 1 hour and at 38°C. for another hour, after which the percentage of complete hemolysis was determined.
Influence upon Hemolysis Proper.--In the experiment upon the influence of the presence of dissolved hemoglobin and of stroma upon the hemolysis of cells previously combined with hemotoxin, the quantitative relations between all the reagents was the same as described. But the conditions of the tests were essentially exactly the opposite; the three samples of blood ceils were allowed to combine with T A B L E III.
Influence of the Presence of Dissolved Hemoglobin and of Stroma upon the Two Steps (Combination and Hemolysis Proper) Involved in lhe
Hemolytic Action of Pneumococcus Hemotoxin. the hemotoxin in the absence of the products of hemolysis; the combined cells were then resuspended, respectively, in the following three test systems: (1) salt solution alone; (2) salt solution containing the same amount of dissolved hemoglobin that was used in the other experiment; (3) salt solution containing the same amount of stroma that was used in the other experiment. The same period of time was allowed for hemolysis of these three test mixtures as that employed in the preceding part of the experiment. It is obvious that our comparison of the action of the hemotoxin in the different test systems is based upon the final end-point of the hemolytic reaction which furnishes a less delicate method of comparison than if it were based upon differences in rates of hemolysis. The objects of the experiment are satisfied by presenting a summary of the results in Table III. The results of this experiment (Table III) show that the presence of the products of hemolysis had a much greater influence upon the combination of the hemotoxin with the blood cells than upon the subsequent liberation of hemoglobin from erythrocytes which had previously combined with the hemotoxin. It is important to emphasize again that the conditions of the experiment were such as to detect only the most marked effects of the presence of the products upon either of the two stages of the hemolytic reaction. The test dose of hemotoxin was excessive in comparison to the test dose of blood cells; and the amount of hemoglobin and of stroma was derived from only half the amount of blood cells used in the test itself. It is obvious, however, that the inhibition of hemolysis by pneumococcus hemotoxin is due principally to the decrease in effective hemotoxin by its combination with the stroma; and that after the hemotoxin has once combined with the blood cell, hemolyis proceeds even if there is present in the system an amount of stroma which could combine with practically all the hemotoxin if it were free in solution. 2 It is possible, of course, that the presence of either hemoglobin or stroma does have some influence upon the rate of hemolysis of combined cells, but if there is such an effect it is slight in comparison to the effects due to the combination of the stroma with free hemotoxin. It is also possible that hemoglobin itself, although not evidenced in our experiment, can combine with free hemotoxin, for hemoglobin is said to exist in large molecular aggregates which might have marked absorbing properties.
The stroma used in our experiments was obtained by distilled H~O hemolysis and had not been combined with hemotoxin previous to its addition to the above test systems. While it is probable that stroma previously combined with small amounts of hemotoxin would have less combining capacity due to its partial "saturation," the difference in combining capacity would be only a quantitative one that does not influence the conclusions drawn from the present experiment.
Dissociation of Free Hemotoxin during the Hemolysis of Erythrocytes Which Had Previously Combined with an Excess of Hemotoxin.
Preceding experiments have shown that it is possible to combine more hemotoxin with erythrocytes than is required for their hemolysis. It was of interest therefore, to determine whether or not active hemotoxin is set free from the hemotoxinerythrocyte combination during or after the hemolysis of erythrocytes which have previously been combined with an.excess of hemotoxln. A number of experiments were made to investigate this question.
It is obvious from the principles established in preceding experiments, that there are a number of opposing factors that make it difficult to obtain the ideal conditions to demonstrate definitely the dissociation of active hemotoxin. If one combines erythrocytes with too great an excess of hemotoxin, hemolysis is so rapid even at 0°C. that it is difficult to separate the absorbed ceils by centrifugation without some hemolysis in the supernatant fluids. In the procedure finally adopted, the dose of hemotoxin was sufficient to cause the hemolysis of more than 40 times the number of blood cells used for absorption and the period of absorption was limited to 5 minutes plus the 5 minutes required for the centrifugation of the mixtures in the ice box. The hemotoxin solution was put into balanced tubes before the addition of the blood cells, and centrifuged 5 minutes afterwards. The absorbed or combined cells were rinsed several times with cold salt solution and the rinsing fluids were always proved free of detectable traces of hemotoxin. After the hemolysis of the combined ceils when resuspended in fresh salt solution, a small measured amount of fresh erythrocytes was added to determine whether or not any active hemotoxin had been dissociated during the hemolysis of the combined ceils.
The results of these experiments proved t h a t a certain a m o u n t of free hemotoxin is dissociated during the hemolysis of erythrocytes which have previously combined with a great excess of hemotoxin. The conditions of the experiment were severe since the combined ceils before their resuspension in fresh salt solution had been rinsed free of any possible traces of hemotoxin other than t h a t combined with the erythrocytes; and in t h a t respect, the demonstration of hemotoxin dissociation was conclusive. F r o m a quantitative standpoint, however, the a m o u n t set free was extremely slight and practically all the hemotoxin was " c o n s u m e d " during the hemolysis of a n u m b e r of blood cells less than 1/40 the hemolyzing capacity of the test dose of hemotoxin. This is an interesting fact for if the hemotoxin acted as enzyme or catalyst, one would expect more of it to be freed in an active form if originally combined in great excess with its substrate.
Effect of Fractional Addition of Erythrocytes upon the Amount of Hemoglobi~, Liberated by the Action of a Constant
Dose of the Hemotoxin.
In the preceding experiment it was found that a certain small amount of active hemotoxin is set free during the hemolysis of erythrocytes which had previously combined with an excess of hemotoxin, but that most of the hemotoxin is consumed by combination with the stroma. From these facts, it seemed that the fractional addition of the blood cells should influence the amount of hemoglobin which can be set free by the action of a constant amount of hemotoxin. While, in one sense, the preceding experiment dealt with the effect of fractional addition of the blood ceils, the conditions were severe in that the combined blood cells were separated from the absorption mixture, resuspended in salt solution, and the second lot of blood cells not added until after the hemolysis of the combined cells. The following experiment on the question of the influence of fractional addition differed from the preceding experiment in that the second portion of the blood cells was added to the hemotoxin solution before hemolysis of the first portion was complete.
Since fractional addition of the blood cells was expected to have at least some effect, the test was made more severe by employing a dose of hemotoxin sufficient to cause complete hemolysis of twice the test dose of erythrocytes. The total final amount of the erythrocytes was kept constant, and the differences in the tests consisted only in the order of addition of the blood cells.
The constant dose of hemotoxin was placed in a series of tubes held in an ice box at 0°C. The following amounts of blood cells were then added to separate tubes of the hemotoxin solution: Tube 1:0.4 co. (the complete test dose of erythrocytes); Tube 2 : 0 . 2 ce. (one-half the test dose); Tube 3 : 0 . 0 4 ee. (onetenth the test dose). Special precautions were taken to insure prompt and uniform mixing in order that all the blood cells might have equal opportunities to combine with hemotoxin. These mixtures were held for 4 hours at 0°C. At the end of this period, the second portions (0.2 and 0.36 co.) of the test dose of erythroeytes were added to the tubes containing 0.2 co. and 0.04 cc. of red blood cells; hemolysis was not complete in any of the tuLes at the time of the second addition of the blood cells. The mixtures, now containing the same total amount of blood cells, were held an additional 4 hours at 0°C., and were then placed in a water bath at 25°C. for 1 hour. At the end of this period of incubation, the temperature was raised to 37°C. and an additional hour allowed for the complete end-point of the reaction.
The per cent of complete hemolysis was determined by colorimetrie examination of the supernatant fluids after centrffugation. In order to avoid errors due to the presence of methemoglobin, the colorimetric measurements were done by the cyanhemoglobin method (8) . The results are given in Table IV. The results of this experiment (Table IV) showed that with a constant dose of hemotoxin, less hemoglobin is liberated from the same number of blood cells when the blood cells are added fractionally than if all of them are added at the same time. This apparent reduction in the hemolyzing capacity of the hemotoxin can be explained by the principles demonstrated in preceding experiments. It has been shown that the hemotoxin distributes itself more or less uniformly upon the blood cells present in the system, and that much more hemotoxin can combine with each erythrocyte than is required for the liberation of all its hemoglobin. Consequently, in experiments of this type, when the first fraction of the total blood cells is added, all the hemotoxin will combine with these cells, provided that precautions (thorough and prompt mixing) are taken to bring all the cells into immediate contact with the hemotoxin. The first fraction of the cells will then hemolyze due to the action of the combined hemotoxin, but during the process most of the hemotoxin will be consumed by combination with the stroma. When the second fraction of the cells is added, their hemolysis will depend upon the free hemotoxin which has dissociated from the hemotoxin-erythrocyte combination during the hemolysis of the combined ceils; and the preceding experiment has already shown that only a small portion of the originally effective hemotoxin escapes from combination with the stroma. Quite different conditions obtain when all the blood cells are added at the same time, for then each of the blood cells has an equal opportunity to combine with the available hemotoxin. Under these conditions, where the concentration of effective hemotoxin is known to be in excess of that required for liberation of all the hemoglobin, one can always expect a constant amount of hemotoxin to set free more hemoglobin than if the blood cells are added fractionally. I t is obvious t h a t this relation must be limited to hemotoxin concentrations which are known to be in excess of t h a t required for hemolysis of the total test dose of the blood cells.
It is also obvious that a number of factors can influence the relative or quantitative effects of the fractional addition of the blood cells. One of the most important factors is the proportion of the total blood cells added in the first absorption. Other important factors are the temperature of the system and the time interval between the fractional additions of the blood cells. It is probably especially important whether or not hemolysis of the combined cells has occurred before addition of the second lot of erythrocytes. If the fresh cells are added to the system before hemolysis, the second fraction of cells may be able to dissociate some of the hemotoxin from the erythrocytes previously combined with an excess of hemotoxin. On the other hand, if hemolysis of the first lot of cells is complete, the second lot of cells must depend for their hemolysis upon the hemotoxin which has not combined with the products of hemolysis. In other words, in the first set of conditions, the fresh blood cells compete with unhemolyzed cells combined with an excess of hemoto:dn, and in the second set of conditions, they compete with the stroma and other products of hemolysis; and it may be much more difficult to dissociate active hemotoxin from the combination of hemotoxin with the products of hemolysis than from the combination of hemotoxin with the unhemolyzed erythrocytes.
DISCUSSION,
The experiments presented in this paper have dealt with the combination of pneumococcus hemotoxin with the erythrocyte, which is the first step in the hemolytic process.
I t was known (3) t h a t the active or reduced form of the hemotoxin combined with the blood cell before it caused hemolysis. The present study of the combining properties of the hemolytically inactive modifications of the hemotoxin was limited to the reversible inactive oxidized form. The results indicated that the reversibly oxidized form of the hemotoxin exists in two different modifications; one retains the property of combining with the blood cell although it has lost the property of causing the usual hemolysis; the other possesses neither the property of combining with the erythrocyte nor the property of hemolysis proper.
The existence of these two different hemolytically inactive modifications of the reversibly oxidized hemotoxin indicates that the oxidative inactivation of the hemotoxin involves a series of different stages which probably proceed in the following order: Reduced or hemolytically active form -~ Reversibly oxidized modification which retains the erythrocyte-combining property but not the actual hemolytic property--~ Reversibly oxidized modification which possesses neither the combining nor the hemolytic property --~ Irreversible and inactive products. A series of different reactions yielding different intermediate products which is common in biological oxidations is probably a frequent occurrence when antigenic substances are oxidized. Their complex structure and large molecular weight indicate the existence of a large number of molecular groupings, and the successive oxidation of different individual groupings might be expected to yield a series of different products possessing somewhat different properties.
In the previous study (1) it was shown that the reversibly oxidized form of the hemotoxin, although hemolytically inactive, possessed antigenic properties identical with those of the original reduced form of the antigen. These results proved that the hemolytic property can be lost without an accompanying loss of the antigenic properties. At the time of the investigation of the antigenic properties, the existence of the two different modifications included in the reversibly oxidized form of the hemotoxin had not been recognized. However, it is logical to believe that the antigenic properties assigned in the previous paper to the reversibly oxidized hemotoxin are certainly possessed by the modification which retains the combining property-, for it represented the greater proportion of the total reversibly oxidized hemotoxin contained in the oxidized solutions used in the immunization. The antigenic properties of the second reversibly oxidized modification which has lost the combining property remains an unsettled question.
The combining properties of the different modifications of pneumococcus hemotoxin are of immunological interest from a general point of view. The most satisfying proof of the function of different molecular groupings in the combining and injury reactions of hemotoxins has been based upon the separation of the erythrocytecombining reaction from the erythrocyte-hemolyzing reaction by means of the absorption of the active hemotoxin in the cold. Without a means of detecting the inactive forms themselves, it has been impossible to determine whether or not inactive hemotoxoids retain the erythrocyte-combining property (the so called "haptophore" group) in spite of the loss of the erythrocyte-hemolyzing property (the so called "toxophore" group). While we did not succeed in causing hemolysis by reduction treatment of the blood cells combined with the oxidized lysin, the application of the reduction technic to the supernatant fluids of the absorbed mixtures proved that a large proportion of the reversibly oxidized, inactive form was removed by combination with erythrocytes in the cold. This constitutes more direct evidence than has hitherto been obtained of the existence of a hemotoxin modification which has lost the property of hemolysis proper without loss of the property of combining with the blood cell. Although no antigenic properties can yet be assigned to the other reversibly oxidized modification of pneumococcus hemotoxin which has lost the combining property as well as the hemolytic property, it too is of interest. The fact that reduction treatment can restore both of the properties lost by oxidation is indicative of the possibility of changing a variety of different properties of complex antigenic substances without inducing profound and irreversible changes in the molecule as a whole.
A number of other experiments were made upon the combining properties of the reduced or active form of the hemotoxin which, because of the advantage of a separation of the reactions of combination and hemolysis proper, are of interest in connection with the mechanism of the hemolytic action of pneumococcus hemotoxin. (All these experiments were conducted with excess doses of hemotoxin and the results cannot safely be applied to systems where the hemotoxin concentration is less than that required for complete hemolysis.) Evidence was obtained that with a constant concentration of hemotoxin, the number of hemotoxin molecules which combine with the individual erythrocytes is inversely related to the blood cell concen-tration; and that the rate of the actual hemolysis is directly related to the number of hemotoxin molecules which have previously combined with the individual erythrocytes. The same experiments also proved that a constant dose of hemotoxin can be removed by an amount of blood cells much less than the amount which the hemotoxin can hemolyze. Tests with rabbit cell stroma showed that the absorbing or combining capacity of the stroma derived by distilled water hemolysis is approximately equivalent to that of the intact red cells themselves.
Experiments were also made to determine the inhibitory effect of stromaand of dissolved hemoglobin upon the two steps (combination and hemolysis proper) involved in the hemolytic action of hemotoxin. The results showed that the final inhibition of pneumococcus hemotoxin hemolysis is due principally to the removal of effective hemotoxin by combination with the stroma. After the hemotoxin had once combined with the blood cell, the hemolysis proceeded even when the amount of stroma present in the system would have been sufficient to combine with all the hemotoxin had it been free in the solution. It was also found that some free hemotoxin is dissociated during the hemolysis of erythrocytes which have previously combined with an excess of hemotoxin, but the amount set free is surprisingly small for most of it is consumed by combination with products of the hemolytic reaction, especially with the stroma. While this apparent "using up" of hemotoxin during the hemolytic reaction is somewhat similar to the combination of enzymes with their reaction products, the combining property of the stroma is probably of a higher order of magnitude than that of the reaction products of the common enzymes, and consequently, causes a correspondingly greater inhibitory effect. However, the fact that such a great proportion of the hemotoxin is consumed when large excesses of hemotoxin are combined with small numbers of blood cells, is an argument against the enzymatic nature of its hemolytic action.
The fractional addition of red blood cells decreases the hemolyzing "capacity" of a constant dose of hemotoxin; a dose of hemotoxin more than sufficient to cause the hemolysis of the test dose of blood cells when all were added at once, was unable to cause complete hemolysis when the same number of erythrocytes was added fractionally. This agrees with the previously established relationships and is probably due to the inhibition of the hemotoxin by its combination with the stroma. The combination reaction proceeds so rapidly, even at 0°C., that in order to obtain the maximum liberation of hemoglobin, the absorption mixtures must be immediately and thoroughly shaken in order to give all the erythrocytes an equal opportunity to combine with the available hemotoxin.
SUMMARY.
The investigation dealt particularly with the combination of pneumococcus hemotoxin with red blood ceils. The reduced or hemolyfically active form of the hemotoxin was known to possess the property of erythrocyte combination. The results obtained in this study indicate that the hemolyficaily inactive, reversibly oxidized form exists in two different modifications; one retains the property of erythrocyte combination while the other lacks this property.
The influence of the combining property of the hemotoxin upon the mechanism of hemolysis and upon the inhibition of the hemolytic reaction was also investigated.
